During embryonic development of the mammalian brain, the average cell-cycle length of progenitor cells in the ventricular zone is known to increase. However, for any given region of the developing cortex and stage of neurogenesis, the length of the cell cycle is thought to be similar in the two coexisting subpopulations of progenitors [i.e., those undergoing (symmetric) proliferative divisions and those undergoing (either asymmetric or symmetric) neuron-generating divisions]. Using cumulative bromodeoxyuridine labeling of Tis21-green fluorescent protein knock-in mouse embryos, in which these two subpopulations of progenitors can be distinguished in vivo, we now show that at the onset as well as advanced stages of telencephalic neurogenesis, progenitors undergoing neuron-generating divisions are characterized by a significantly longer cell cycle than progenitors undergoing proliferative divisions. In addition, we find that the recently characterized neuronal progenitors dividing at the basal side of the ventricular zone and in the subventricular zone have a longer G 2 phase than those dividing at the ventricular surface. These findings are consistent with the hypothesis (Calegari and Huttner, 2003) that cell-cycle lengthening can causally contribute to neural progenitors switching from proliferative to neuron-generating divisions and may have important implications for the expansion of somatic stem cells in general.
Introduction
With the onset of neurogenesis in the embryonic mouse brain, an increasing proportion of neuroepithelial (NE) cells switch from proliferative to neuron-generating divisions (Caviness et al., 1995; McConnell, 1995; Rakic, 1995) and transform into radial glial (RG) cells (Kriegstein and Götz, 2003) . As a corollary, during neurogenesis, a variable proportion of proliferating and neurogenic NE/RG cells coexist within the same area of the neuroepithelium. Also, with the onset and progression of neocortical neurogenesis, the length of the cell cycle of NE/RG cells (determined without distinguishing between proliferating and neurogenic cells), including that of neural stem cells, increases, in particular its G 1 phase (Takahashi et al., 1995a; Martens et al., 2000) . However, for any given region of the developing cortex and stage of neurogenesis, the cell-cycle length of NE/RG cells is thought to be homogeneous (Cai et al., 1997) . This would imply that NE/RG cells undergoing proliferative division and those undergoing neuron-generating divisions have very similar cell-cycle length.
Indeed, on the one hand, no differences in cell-cycle length have been detected when the same neocortical region was analyzed with regard to ventricular zone (VZ) versus subventricular zone (SVZ) (Reznikov and van der Kooy, 1995) , although these zones have been shown recently to contain distinct neuronal progenitors (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) . On the other hand, differences in bromodeoxyuridine (BrdU) incorporation during pulse labeling between distinct subpopulations of RG cells have been reported (Hartfuss et al., 2001) . Thus, it cannot be excluded that the homogeneity in NE/RG cell-cycle length at any given stage of neurogenesis (Cai et al., 1997 ) is more apparent than real, reflecting the lack of markers that would allow one to distinguish between distinct subpopulations of NE/RG cells, such as those undergoing proliferative versus neuron-generating divisions.
We explored previously whether the lengthening of the NE/RG cell cycle may causally contribute to NE cells switching from proliferative to neuron-generating divisions (Calegari and Huttner, 2003) . Indeed, lengthening of the NE cell cycle in intact mouse embryos by the specific cyclin-dependent kinase inhibitor olomoucine was found to be sufficient to trigger premature neurogenesis in the telencephalon (Calegari and Huttner, 2003) . Given these observations, and consistent with the effects of growth factors on cell-cycle regulators and NE/RG cell-cycle kinetics in cell culture (Lukaszewicz et al., 2002) , we proposed a hypothesis explaining how the lengthening of the NE/RG cell cycle can causally contribute to NE cells switching from proliferative to neuron-generating divisions (Calegari and Huttner, 2003) . This cell-cycle length hypothesis implies that NE/RG cells undergoing neuron-generating divisions should have a longer cell cycle than proliferating ones.
A powerful tool for investigating potential differences in cellcycle length between proliferating and neurogenic NE/RG cells is the recently described Tis21-green fluorescent protein (Tis21-GFP) knock-in mouse line (Haubensak et al., 2004) . Here, we determined cell-cycle parameters for NE/RG cells undergoing proliferative versus neuron-generating divisions, and for neurogenic progenitors dividing in the VZ versus SVZ, in Tis21-GFP knock-in mouse embryos using cumulative BrdU labeling (Nowakowski et al., 1989) .
Materials and Methods
Cumulative BrdU labeling. Cumulative BrdU labeling of embryonic day 10.5 (E10.5) and E14.5 heterozygous Tis21-GFP mouse embryos (C57BL/6 background) (Haubensak et al., 2004) was performed by repeated intraperitoneal injections (2-4 h intervals; 0.31-1.25 mg of BrdU) into pregnant mice (20 -30 g). For details, see supplemental material (available at www.jneurosci.org).
Light microscopy. E10.5 embryos and E14.5 brains were fixed, and immunohistochemistry was performed on 10 m cryosections as described previously (Calegari and Huttner, 2003) , followed by counting nuclei from images obtained with a conventional fluorescence microscope (for details, see supplemental material, available at www.jneurosci.org). Essentially the same BrdU labeling index was obtained when, in the cryosection under investigation, nuclei were scored from images obtained with a confocal microscope (see supplemental material, available at www.jneurosci.org). We analyzed cells of the VZ of the E10.5 rostral telencephalon and of the E14.5 telencephalon in the rostral archicortex and periarchicortex. The basal region of the VZ was distinguished from the adjacent neuronal layer (E10.5) and SVZ (E14.5) (Takahashi et al., 1995b) by (1) the shape of the nuclei (elongated ellipsoid rather than nearly circular), (2) their orientation (long axis vertical rather than oblique or horizontal), and (3) the proportion of nuclei that were GFPϩ (at most one-half rather than the vast majority) (see Fig. 1 A, C-CЉ) (Haubensak et al., 2004) . Mitotic neurogenic progenitors in the basal VZ and SVZ were identified by 4Ј,6-diamidino-2-phenylindole (DAPI) and phosphohistone H3 staining as well as expression of GFP.
Measurement of the cell cycle of NE/RG cells and statistical analyses. Nuclei in the VZ (identified by DAPI staining) were first classified as GFPϪ or GFPϩ, the proportion of BrdUϩ nuclei in each subpopulation was determined, and cell-cycle parameters were calculated (Nowakowski et al., 1989 ) from the mean BrdU labeling index (three independent litters; for each litter, summing up the numbers for at least two embryos and at least two nonconsecutive cryosections per embryo). For details, see supplemental material (available at www.jneurosci.org).
Results

The model system
To investigate potential differences in cell-cycle length between NE/RG cells undergoing proliferative division and those undergoing neuron-generating divisions, we used heterozygous Tis21-GFP knock-in mouse embryos, in which nuclear GFP is selectively expressed in the neurogenic, but not the proliferating, subpopulations of NE/RG cells (Haubensak et al., 2004) . Tis21 is an immediate early gene (Tirone, 2001) . Accordingly, in NE cells, the Tis21 mRNA is synthesized in G 1 and degraded at the G 1 -S transition, with the Tis21 protein persisting through S, G 2 , and M phases (Iacopetti et al., 1999) . Consistent with this, in Tis21-GFP knock-in mouse embryos, GFP fluorescence in NE cell nuclei increases during G 1 (when the nucleus migrates from the apical surface to the basal boundary of the VZ), persists through S and G 2 (when the nucleus migrates back to the apical surface of the VZ), and the GFP after M phase is inherited by default by the NE/RG daughter cell as well as the newborn neuron, followed by reinduction of Tis21-GFP fluorescence in the former and its loss in the latter cell (Haubensak et al., 2004) . Thus, in Tis21-GFP knock-in mouse embryos, the two subpopulations of proliferating and neurogenic progenitors can be distinguished before their entry into S phase, allowing a comparative analysis of cell-cycle length using indicators of DNA synthesis such as BrdU (see also the model in Fig. 3 ).
Heterozygous Tis21-GFP knock-in mouse embryos are phenotypically wild type, in line with the previously reported observations that even homozygous embryos and adult mice do not show any obvious phenotype (Haubensak et al., 2004) . After cumulative BrdU labeling, we analyzed BrdU incorporation into GFPϩ and GFPϪ nuclei in the VZ in those regions of the developing forebrain for which a mean cell-cycle length has been reported previously (i.e., in the E10.5 rostral telencephalon and the E14.5 rostral archicortex and periarchicortex) (Takahashi et al., 1995a; Cai et al., 1997) . As shown in Figure 1 , A and C-CЉ, four distinct subpopulations of nuclei in the VZ could be distinguished: (1) GFPϪ/BrdUϪ (white arrowheads), (2) GFPϪ/ BrdUϩ (red arrowheads), (3) GFPϩ/BrdUϪ (green arrowheads), and (4) GFPϩ/BrdUϩ (green/red arrowheads). This demonstrates that the rate of S phase entry of NE/RG cells over time, and thus cell-cycle length, can be determined separately for the two subpopulations of proliferating (GFPϪ) and neurogenic (GFPϩ) progenitor cells (see also the model in Fig. 3 ).
At the onset of neurogenesis, NE cells switching from proliferative to neuron-generating divisions lengthen their cell cycle
Cumulative BrdU labeling of E10.5 Tis21-GFP mouse embryos (i.e., at the onset of telencephalic neurogenesis) revealed that NE cells that will undergo neuron-generating divisions (GFPϩ) show a 20% increase in cell-cycle length compared with NE cells that will undergo proliferative divisions (GFPϪ) (Fig. 1 B) . Calculations according to Nowakowski et al. (1989) yielded a cellcycle length of 13.0 and 10.9 h, respectively ( Table 1 ). The longer cell cycle of the neurogenic (GFPϩ) subpopulation was attributable to a lengthening specifically of the G 1 phase (Table 1) , which is in agreement with the previous finding that the overall lengthening of the NE/RG cell cycle during neurogenesis reflects a selective increase in G 1 (Takahashi et al., 1995a) . It should be noted, and will be discussed below, that the fraction of dividing cells, also referred to as growth fraction (Nowakowski et al., 1989) (Fig. 1 B, dashed lines), was as high for the GFPϩ VZ cells (85.6 Ϯ 8.1%) as for the GFPϪ VZ cells (83.2 Ϯ 3.0%) ( Table 1) .
It could be argued that the determination of cell-cycle length by cumulative BrdU labeling leads, in the case of the GFPϩ VZ cells, to an overestimation because of the presence of newborn postmitotic neurons in the VZ that are GFPϩ (Haubensak et al., 2004) but BrdUϪ and that are replaced by GFPϩ/BrdUϩ neurons only during the last hours of BrdU labeling. However, this is not the case for the following reasons. First, even in the E11.5 telencephalon (i.e., a stage corresponding to the end of the cumulative BrdU labeling in Fig. 1 B) , neurons (identified by ␤-IIItubulin immunoreactivity) constitute only 7 Ϯ 3% of the GFPϩ VZ cells (data not shown). Second, neurons generated by asymmetric division of GFPϩ NE cells at the apical side of the neuroepithelium have left the VZ by the time their sister NE cells reach the basal side of the VZ for S phase (Haubensak et al., 2004 ) and therefore do not cause a reduction of the BrdU labeling index of the GFPϩ population (see also the model in Fig. 3 ). It follows that the difference in cumulative BrdU labeling observed between GFPϪ and GFPϩ VZ cells (Fig. 1 B) reflects a genuine difference in NE cell-cycle length.
Additional lengthening of the cell cycle in the neurogenic subpopulation of neuronal progenitor cells at advanced stages of neurogenesis The previously reported increase in the mean cell-cycle length of NE/RG cells in correlation with the progression of neurogenesis (Takahashi et al., 1995a) could partly be explained by the rise in the proportion of the more slowly cycling, GFPϩ NE/RG cells (Fig. 1 B) during development from 5% at E10.5 to 50% at E14.5 (Haubensak et al., 2004) (Table 1 ). In addition, this increase could be because of (1) an additional lengthening of the cell cycle selectively in the GFPϩ subpopulation or (2) an additional lengthening in both GFPϩ and GFPϪ subpopulations. Cumulative BrdU labeling of E14.5 Tis21-GFP mouse embryos (Fig. 1 D) showed that the latter is the case, with the GFPϪ NE/RG subpopulation increasing their cell-cycle length from E10.5 to E14.5 by 36% to 14.8 h and the GFPϩ NE/RG subpopulation by 47% to 19.1 h (Table 1) . Thus, neurogenic NE/RG cells at this advanced stage of neurogenesis show a substantial increase (30%) in cellcycle length compared with proliferating ones. (For the significance of the cell-cycle lengthening in the GFPϪ NE/RG cell subpopulation from E10.5 to E14.5, see Discussion.) As was the case at E10.5, G 1 was the only phase of the NE/RG cell cycle that lengthened (1) in E14.5 neurogenic (GFPϩ) cells compared with E14.5 proliferating (GFPϪ) cells and (2) in E14.5 compared with E10.5 GFPϩ cells and E14.5 compared with E10.5 GFPϪ cells (Table 1) . Considering that at this stage 50% of NE/RG cells are GFPϩ (Haubensak et al., 2004) , the mean value of the cell-cycle length of all NE/RG cells would be 17.4 h (Table 1) , which is in good agreement with previous data (Takahashi et al., 1995a) .
As was the case at E10.5, the growth fraction at E14.5 (Fig. 1 D, dashed lines) was essentially as high for the GFPϩ NE/RG cells (70.7 Ϯ 2.4%) as for the GFPϪ cells (74.8 Ϯ 3.1%) (Table 1) , indicating that the switch of NE/RG cells from proliferation (GFPϪ) to neurogenesis (GFPϩ) is not accompanied by an increase in the proportion of postmitotic cells in the VZ. This in turn eliminates the possibility that, in the case of the GFPϩ VZ cells, cell-cycle length was overestimated because of the transient presence of newborn postmitotic neurons in the VZ.
Difference in cell-cycle parameters between neurogenic NE/RG cells and basal progenitors
Neurons in the telencephalon originate not only from NE/RG cells dividing asymmetrically at the apical surface of the VZ (generating one neuron plus one NE/RG cell) but also from progenitors dividing symmetrically at the basal side of the VZ and in the SVZ (generating two neurons) (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) . It was therefore of interest to investigate whether these two subtypes of neuronal progenitors have the same or a different cell-cycle length.
At E10.5, apically dividing GFPϩ NE cells are far more abundant than GFPϩ basal progenitors (Haubensak et al., 2004) , and hence the 20% increase in cell-cycle length in the GFPϩ, compared with the GFPϪ, VZ cells at this stage (Fig. 1 B) primarily reflects the difference between apically dividing neurogenic and proliferating NE cells. In contrast, at later stages of neurogenesis, GFPϩ basal progenitors outnumber apically dividing GFPϩ NE/RG cells (Haubensak et al., 2004) , and hence the greater, 30% increase in cell-cycle length in GFPϩ VZ cells at E14.5 (Fig. 1 D) raises the possibility that the GFPϩ basal neuronal progenitors have an even slower cell cycle than the apically dividing neurogenic (GFPϩ) NE/RG cells. An established criterion for distinguishing between these two subpopulations of neuronal progenitors is their different sites of mitosis (Haubensak et al., 2004) . Because the GFPϩ basal progenitors divide into two postmitotic cells (neurons) (Haubensak et al., 2004; Noctor et al., 2004) , analysis of their cell cycle by cumulative BrdU labeling is restricted to the interval between S phase and mitosis (see also the model in Fig. 3) .
Cumulative BrdU labeling of E14.5 Tis21-GFP mouse embryos for 4 h followed by analysis of GFPϩ cells in mitosis (Fig. 2) showed that only one-half (52%) of the mitotic neuronal progenitors in the SVZ (Fig. 2f ) , but the vast majority (82%) of the mitotic neurogenic NE/RG cells at the apical surface of the VZ (Fig. 2l ) , had BrdU-labeled chromosomes. In addition, the apparent amount of BrdU incorporation after 4 h of labeling was, in most cases, clearly less for the mitotic GFPϩ SVZ cells (Fig. 2d) than for the apical mitotic GFPϩ VZ cells (Fig. 2j) . After 6 h or more of cumulative BrdU labeling, virtually all mitotic GFPϩ cells in the SVZ, like those at the apical surface of the VZ, showed robust BrdU labeling (data not shown). Together, these data demonstrate that the G 2 phase of basal, symmetrically dividing, neuronal progenitors is longer (Ͼ4 h) than that of the apical, asymmetrically dividing, neurogenic NE/RG cells (Յ4 h). In fact, regarding the latter cells, already after 2 h of BrdU labeling, Ͼ90% of the apical mitotic GFPϩ as well as the apical mitotic GFPϪ NE/RG cells had BrdU-labeled chromosomes. This indicates that the G 2 phase of both the neurogenic and proliferating subpopulations of NE/RG cells is Ͻ2 h (Table 1) , consistent with previous observations (Takahashi et al., 1995a) .
Discussion
We have determined cell-cycle parameters in three coexisting subpopulations of neural progenitors (i.e., NE/RG cells undergoing either symmetric proliferative or asymmetric neurongenerating divisions and basal progenitors undergoing symmetric neuron-generating division) (Fig. 3) . These experiments make three major points. First, NE/RG cells undergoing neurongenerating division (GFPϩ) have a longer cell cycle than those undergoing proliferative division (GFPϪ) (Fig. 1) . This increase in NE/RG cell-cycle length mostly concerns G 1 , because it cannot be explained by the differences in the length of S (apparent values at E10.5, GFPϪ, 2.4 h, GFPϩ, 1.7 h; at E14.5, GFPϪ, 3.9 h, GFPϩ, 2.4 h) and because we did not detect major differences between GFPϪ and GFPϩ NE/RG cells with regard to the length of G 2 /M (Յ2 h for both). Given that (1) proliferating and neurogenic NE/RG cells differ by the absence and presence of Tis21 (and Tis21-GFP) expression (Iacopetti et al., 1999; Haubensak et al., 2004) , respectively, and (2) Tis21 has been shown to inhibit G 1 progression in other cells (Tirone, 2001 ), Tis21 is a likely candidate to be one (although clearly not the only) factor contributing to the lengthening of the NE/RG cell cycle observed during neurogenesis (Malatesta et al., 2000) .
Second, the switch of NE/RG cells from proliferation (GFPϪ) to neurogenesis (GFPϩ) is not associated with an increase in postmitotic cells in the VZ (as we observed essentially the same growth fraction for both subpopulations) (Fig. 1) . In other words, Tis21 expression does not cause NE/RG cells to become postmitotic. This implies that neurons (which initially are GFPϩ) (Haubensak et al., 2004) do not arise by NE/RG cells first becoming postmitotic and then transforming into neurons, but rather from mitotic Tis21-expressing NE/RG cells. Together, commitment of NE/RG cells to neurogenesis (Tis21 expression) Mean values of cell-cycle parameters for the sum of GFPϪ and GFPϩ NE/RG cells were calculated using their proportion at E11.5 and E15.5 (t 24 h ). GF, Growth fraction; T C , total length of the cell cycle; T S , length of the S phase; T G 2 ϩ M , length of the G 2 phase plus the M phase; T G 1 , length of the G 1 phase.
a Data from Haubensak et al. (2004) .
b Calculated according to Nowakowski et al. (1989) . T G 2 ϩ M is only given for the apically dividing NE/RG cells. c Values are underestimations (see supplemental material, available at www.jneurosci.org).
is accompanied by a lengthening, but not a block, of their cell cycle.
Third, extending previous studies on differences in cell-cycle parameters between VZ and SVZ progenitors (Takahashi et al., 1995b) , basal neurogenic progenitors were found to have a longer G 2 than the neurogenic subpopulation of the apically dividing NE/RG cells (Figs. 2, 3) . The significance of this G 2 lengthening is not yet known. However, one may speculate that it reflects the retraction of the apical process of NE/RG cells (including the loss of their adherens junctions) as they transform into basal progenitors, which can occur after the nucleus has reached the basal side of the VZ (Miyata et al., 2004) and may be required for basal progenitors to divide into two neurons.
In light of the promotion of neurogenesis by molecules that have been shown, or appear, to lengthen the cell cycle of NE/RG cells (Malatesta et al., 2000; Lukaszewicz et al., 2002; Calegari and Huttner, 2003; Canzoniere et al., 2004) , we proposed previously that the lengthening of the cell cycle can causally contribute to neural progenitor cells switching from proliferative to neurongenerating divisions (Calegari and Huttner, 2003) . In this cellcycle length model, a cell fate determinant may or may not cause a cell fate change, depending on whether the length of time this determinant can act is sufficient. The present data, showing that neurogenic NE/RG cells have a longer cell cycle than proliferating ones (Fig. 1) , support the cell-cycle length hypothesis (Calegari and Huttner, 2003) . Moreover, with regard to asymmetric versus symmetric neurogenic divisions, the additional lengthening of the cell cycle in the GFPϩ subpopulation of NE/RG cells concomitant with the progression of neurogenesis (Fig. 1) would explain (Calegari and Huttner, 2003) why these neuronal progenitors undergo symmetric (rather than asymmetric) neurogenic divisions at later stages of neurogenesis (McConnell, 1995) .
The observation that the cell cycle also lengthened, from E10.5 to E14.5, in the GFPϪ subpopulation of NE/RG cells does not contradict the cell-cycle length hypothesis but is, in fact, what would be expected, for the following reason. Although at E10.5, most, if not all, GFPϪ NE cells undergo symmetric proliferative division, the GFPϪ NE/RG cells at E14.5 not only generate more NE/RG cells but also divide to generate more differentiated cells such as those of the glial lineage (Parnavelas, 1999) and basal progenitors (Haubensak et al., 2004) .
Likewise, the finding that, in terms of absolute time, the cell cycle was longer in E14.5 GFPϪ cells than in E10.5 GFPϩ cells does not contradict the cell-cycle length hypothesis either. If the distribution of a key cell fate determinant during mitosis is more unequal at E14.5 than at E10.5 (say, 70:30% rather than 60:40%) [Calegari and Huttner (2003) , their Fig. 5 ], our model predicts that a cell-cycle lengthening sufficient to induce a cell fate change at E10.5 will no longer be sufficient to do so at E14.5.
Importantly, our findings, together with observations on isolated neuronal progenitors in culture (Lukaszewicz et al., 2002) and transgenic mice (Hodge et al., 2004) , suggest that shortening the cell cycle of neural progenitor cells should prevent their differentiation. This may be a crucial aspect for somatic stem cells in general, which have been more difficult to expand than embryonic stem cells. It could be significant that embryonic stem cells have a remarkably short cell cycle (Burdon et al., 2002) . Perhaps neural and other somatic stem cells can be expanded more efficiently if their cell cycle is accelerated. Relationship between interkinetic nuclear migration, Tis21-GFP expression, and BrdU incorporation of NE/RG cells and basal/SVZ progenitors. White nuclei, GFPϪ NE cells undergoing proliferative divisions; dark gray nuclei, GFPϩ NE/RG cells and basal/SVZ progenitors undergoing neurogenic divisions; hatched boxes, S phase nuclei incorporating BrdU; dark gray polygons, neurons. Lines flanked by arrows indicate the length of T C Ϫ T S (the total length of the cell cycle minus the S phase) for GFPϪ versus GFPϩ NE/RG cells and of T G 2 ϩM (the G 2 phase plus the minimum period at the end of the S phase necessary to incorporate detectable amounts of BrdU plus the fraction of M phase needed to identify condensed chromatids or detect anti-phosphohistone H3 immunoreactivity) for GFPϩ NE/RG cells versus GFPϩ basal/SVZ progenitors. The slope of the apical-to-basal migration of nuclei indicates the difference in the length of G 1 . For details, see text and supplemental material (available at www.jneurosci.org).
